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A model developed to predict adsorbate-induced 
work-function changes for thermionic emitters is shown 
here to apply to a more general class of electron 
emission phenomena and a much broader range of adsorbates. 
This model predicts that chemically, vapor-deposited 
boron will increase the work function of a clean tungsten 
substrate at coverages between 0 and 1 monolayer. 
This is the first time that a single model has been 
shown to predict both positive and negative work func-
tion changes for different adsorbates. 
The reactions of chemically, vapor-deposited (CVD) 
boron with clean tungsten substrates were studied using 
field emission microscopy (FEM) and low energy electron 
diffraction (LEED) • 
The studies by FEM indicate that boron nucleates in 
the vicinals of and grows across the central tungsten 
(110) plane. The single-spot, electron emission pattern 
thus formed is the result of a cap-shaped nucleus of 
boron which raises the local field strength in the (110) 
region by decreasing the local radius of curvature. 
The reversal of the emission characteristic of the clean 
tungsten (110) plane is not the result of submonolayer 
adsorption and therefore produces intense, confined elec-
tron emission which is independent of adsorption induced 
work function changes predicted by the general model. 
iv 
The FEM observations on and around the (100) planes 
are shown to correlate well with the general model showing 
a decreased emission (increased work function) with boron 
adsorption. The LEED study indicates that the CVD boron 
atoms on a clean tungsten (100) surface occupy epitaxial 
sites at coverages between 0 and 1 monolayer. These 
are the same sites that the next layer of tungsten atoms 
would occupy and represent the simplest potential minima 
available on·the surface. 
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INTRODUCTION 
The research reported in this dissertation was 
accomplished in two parts. The first was a theoretical 
treatment of adsorbate-induced work function changes with 
a characterization of the adsorbate-substrate bond and 
analysis of adsorbate-substrate dipole potential. The 
second part was a study of surface interactions of chemically, 
vapor-deposited (CVD) boron with clean tungsten substrates 
made with Field Emission Microscopy (FEM) and Low Energy 
Electron Diffraction (LEED) • 
The theoretical treatment of adsorbate-induced work 
function changes uses a model originally developed 
for thermionic emitters and is shown here to apply 
to field emission, contact potential, and space-charge-
limited diode methods of determination of work functions 
for a very broad range of adsorbates. 
This work presents for the first time a single model 
which predicts both increased and decreased work functions 
for a substrate depending upon the adsorbate. 
A tunnel-resonance approach to electron emission 
from metal surfaces for alkali adsorption is shown to 
correlate with the electronegativity model. 
The second part of this research project was a 
study of the surface reactions of CVD boron with clean tung-
sten substrates using FEM and LEED. The results of the 
field emission study confirm that boron may nucleate on 
xi 
the tungsten (110) plane and produce a field emitter 
with a very small divergence angle for emitted electrons. 
The LEED study shows that adsorbed CVD boron atoms 
occupy epitaxial sites on a clean tungsten (100) surface 
above 650°C. 
An application of the general model developed in 
part one to the changes in electron emission characteris-
tics as observed in the field emission study shows that 
the increase in work function of this plane is due,at 
least in part,to the adsorbate-substrate dipole contribu-
tion to the total work function as well as a possible 
local increase in radius of curvature. 
1 
PART I 
A GENERAL MODEL FOR ADSORBATE-INDUCED 
WORK FUNCTION CHANGES 
ABSTRACT 
A simple model for adsorbate-induced work function 
changes suggested and applied to thermionic emission by 
Gyftopoulos and Levine1 is shown to apply generally to 
field emission, contact potential, space-charge-limited 
diodes, and retarding potential work function measurement 
techniques. The general applicability of this theory has 
evaded theoreticians for a decade as evidenced by the 
more recent emphasis given in the literature to more 
sophisticated models which are more difficult to correlate 
with experimental data. Theoretical data for Li, Na, K, 
Cs, Th, B, and Si on tungsten are compared to experimentaldata 
in the literature and are found to be in good agreement. 
Variations in values for ~min for some systems are related 
to varying step densities on the field emitters and 




The work function of a metallic surface is defined 
as the minimum amount of energy required to remove an 
electron from the Fermi level of the metal to the vacuum 
level. This work function is known to undergo changes in 
value when an absorbate is deposited onto a clean metal 
surface. Many have tried to predict these changes in 
the presence of various absorbates in order to develop a 
clear understanding of surface-absorbate interactions 
as they apply to field emission, thermionic emission, 
and related surface phenomena in general. 
A model developed by Gyftopoulos and Levine1 and 
applied to thermionic emission will be shown to apply 
more generally to other work-function,controlled phenomena 
such as field emission, contact potential, and photo-
electrons. 
This model treats the adsorbate-induced work function 
change as a simple sum of a dipole barrier and an electro-
negativity barrier. 
Gordy and Thomas2 reported that the work function of 
a metallic substrate is related to the electronegativity 
of its constituent atoms by the following relation: 
~ = 2.27 x + 0.34 e.v. 
where ~ is the work function and x is the relative electro-
negativity.3 The constant term, 0.34 e.v., is the potential 
due to image forces and is the same for all metals. 
3 
The expression e(a) for the electronegativity 
barrier contribution to the work function is derived 
by assuming the adsorbate to be uniformly distributed 
over the substrate. When the coverage is zero, the 
electronegativity of the surface is that of the sub-
strate. Also, the addition of a few atoms does not 
appreciably change the electronegativity of the surface. 4 
The analytical expressions for these two phenomena are: 
e (e) I e=O = <l>m 
where <jl = work function of the clean metal 
m 
de (e) 
de = 0 
( 1) 
It is experimentally observed that the work function 
of the surface covered by one or more rnonolayers of 
adsorbate is that of the pure adsorbate,and the addition 
of absorbate atoms beyond a monolayer does not change 
the work function. 5 
These two assertions are expressed analytically as: 
e(a) I a=l = <Pf 
de (a) 
de la=l = 0 
where <jlf is the work function of the absorbate. 
An explicit derivation for e(e) from first principles 
4 
is beyond the present understanding of surface phenomena. 
However, the function e(e) must satisfy the boundary 
conditions (l) and (2). Thus expanding e(e) as a simple 
polynomial in e, the expression for e(e) is: 
( 8) "' ("' "' ) (38 2 - 28 3 ) e = ~m - ~m - ~f 
2 3 
where G(8) = l - 38 + 28 
Pauling 3 showed that a molecule made of two dissimilar 
atoms, of relative electronegativities x 1 and x 2 has a 
dipole moment proportional to the electronegativity 
difference (x1 - x 2 ) • 
This relationship is confirmed by molecular dipole 
moment data3 which show that M0 = K (xm - xf) , where 
K = 3.83 x l0-30 coul m/v. 
This treatment does not consider dipole-dipole 
interactions. Topping 6 showed that the depolarizing 
field due to dipoles arranged on a square array is: 
E(6) = 9 a 312 8 3/ 2 M(6)/4 n £ f 0 
where of = # of sites available for adsorption in 
a monolayer and M(6) = M0 G(8). 
The detailed geometrical arrangement of the adsorbed 
atoms is not important to this model as variations in 
geometry give changes in the dipole barrier of the order 
of 15%. 6 
Allowing for surface mobility of the dipole-dipole 




where a = polarizability of the adsorbate-substrate 
molecules. 
5 
Thus the adsorbate-induced work function change may 
be expressed as: 
<I> <e) = e (e) + d ( 8) 
= <l>f + (<I> - <I> f) G (e) ( 3) m 
e G (e) ofMo 
E [1 + 9a 3/2 83/2/4 1T of E 0 0 
Disregarding detailed geometrical analysis of the 
adsorbate-substrate bond angles and detailed crystallography 
of the adsorbate layer, as corrections for these factors 
are small, it is evident that the expression for <jl(e) is 
most strongly dependent upon e, the monolayer coverage 
value and M0 , the isolated substrate-adsorbate dipole 
moment. The dipole contribution is primarily a result 
of the electronegativity difference between adsorbate-
substrate atoms, as the polarizabilities are usually quite 
small. 
Thus the expression for the work function as a 
function of coverage is indeed dependent upon the electro-
6 
negativity gradient across the adsorbate-substrate 
interface. 
This model was compared with experimental values 
of thermionic work function changes due to cesium, 
strontium, barium, and thorium adsorption on tungsten 
1 5 7 8 
and molybdenum. ' ' ' The agreement with the thermionic 
emission data is very good. A comparison of the experi-
mentally determined monolayer coverage value for Cs on 
tungsten, 4.98 x 1014 Cs atoms/cm2 to the theoretically 
determined value of 5 x 1014 Cs atoms/cm2 for thermionic 
emitters is remarkable in its agreement. 
The present effort is an attempt to extend this 
model to a treatment of work-function changes due to adsorp-
tion·as measured by other techniques such as field 
emission, contact potential, and space charge limited 
diodes on both single crystal and polycrystalline 
substrates. 
Fowler and Nordheim9 and Nordheim10 treated theoret-
ically the emission of electrons from metals in the 
presence of high fields and the reflection of electrons 
from a potential barrier which·is the sum of a mirror 
image potential and a linear potential due to an applied 
electric field. 
using the free electron approximation for describing 
the metal, they show that the electron current, i, in a 
one-dimensional system is given by: 
i = (1.54 X 
g 
1010 A F2 3/2 
) ~ exp [-0.68 : f] 
where A is the emitting area, ~ is the work function 
7 
• 0 (in e.v.), F is the electric field ~n V/A , the dimension-
less quantities f and g are very slowly varying functions 
of: 
which is the fractional change in work function induced 
by the electric field. 11 The field is related to the 
applied voltage V and the radius r of the emitter by: 
F = D V/r 
Thus, the Fowler-Nordheim equation may be rewritten 
as: 
i/V2 = ~ exp [-S ~ 3/2 /V] 
The assumption that the adsorbate remains uniformly 
distributed over the substrate implies S is constant. 
A plot of log i/V2 vs. 1/V gives a slope of -s~ 312 • 
The work function obtained from this treatment is reported 
to be the work function at 0°K and in the absence of an 
external field. 12 
This treatment is subject to some limitations when 
applied to field emitters. In general, the Fowler-Nordheim 
work function represents a weighted average work function 
over the whole tip which is made up of many crystal faces. 
The field emitter tip is usually assumed to have hemispherical 
geometry. This geometry requires a finite number of 
atomic steps to be present on the tip surface, and 
these steps are involved in an important mechanism in 
adsorption studies and will be discussed later. 
8 
The average work function obtained from Fowler-Nordheim 
analysis of FEM tips is not a simple arithmetic average 
of various crystal plane work functions, but in general 
represents the work function of the most highly emitting 
region of the tip. In studies made on clean tungsten, 
this is the region surrounding the (100) pole. Thus, 
studies of adsorbate-induced work function changes made 
using the Fowler-Nordheim analysis are highly weighted 
toward work function changes on the high index regions 
around the (100} planes. 
One of the most interesting adsorbate-substrate 
systems is that of cesium on tungsten. 
As mentioned previously, the earliest study was 
made by Langmuir and Taylor5 for thermionic emitters. They 
report a sharp decrease in the work function of a poly-
crystalline tungsten ribbon at low cesium coverages, with 
the minimum work function being~ 1.5 e.v. With increas-
ing coverage, the work function slowly rises to the value 
for metallic cesium, 1.8 e.v. These data were compared 
with the predictions from the model by Gyftopoulos and 
Levine. 1 The agreement in terms of monolayer coverage 
value, and the predictions of work function change vs. 
coverage are quite good. In particular, the minimum work 
9 
function value is lower than either end-member work 
function and is predicted to be a result of the strong 
dipole contribution that reduces the total work-function 
barrier. 
Swanson13 et al. compared work-function data for 
cesium deposition on tungsten against Langmuir 1 s original 
data. The agreement is very good and shows that the work-
function values obtained by field and thermionic emission 
are quite consistent. This comparison also indicates 
that the basic mechanism involved in adsorbate-induced 
work-function changes must be independent of any particular 
phenomena inherently characteristic of either thermionic14 
f . ld . . 15,16 or ~e em~ss~on. 
Many efforts have been made to explain in detail 
the interactions involved between substrate and adsorbate 
atoms. Particular emphasis has been placed on alkali-
metal interactions as these systems offer practical 
applications in devices requiring low-energy plasmas 
and ion beams. 
Following Langmuir's 5 work with cesium on tungsten, 
the following picture developed. Realizing that the ioniza-
tion potential of cesium is much lower than that of tungsten, 
and that the cesium atom is a large atom implies that the 
cesium atom is adsorbed on a tungsten substrate as an 
ion. The atom-ion interaction is described by the classical 
image force. Thus, the resulting system of metal with an 
absorbed dipole layer that lowers the work function 
10 
correlates the experimental data with a reasonable 
theoretical picture. This point of view has been 
17 
adopted by DeBoer and more recent efforts by Rasor and 
18 19 Warner, Gadzuk and Carabateas, and MacDonald and 
Barlow20 have added sophistications that more closely 
correlate the theory with experimental data. 
Gomer21 has used this treatment to correlate 
potassium on tungsten field emission data and found a 
need for more detailed analysis of the theory. 
Gurney22 originally noted that the interaction of 
an atom with a metal causes the valence level of the 
atom to be broadened. This broadening could then cause 
the formation of polar bonds between adsorbate and substrate 
which are not necessarily ionic in character. 
Gomer and Swanson23 have provided criteria for 
establishing the nature of the adsorbate-substrate bond, 
i.e., whether the bond is ionic, polar, or covalent. 
Gadzuk24 has developed a point of view from first 
principles. Using time-dependent perturbation theory, 
he finds a broadening of the valence level for alkali 
atoms adsorbed on metal substrates of about 1 e.v. 
Duke and Alferieff25 treated the substrate-adsorbate 
interface with a one-dimensional, exactly soluble,pseudo-
potential26 model to calculate the tunneling probability 
through an adsorbed atom. 
Their results indicate that the presence of an 
atomic energy level in the atom can cause resonance trans-
11 
mission of electrons through the potential barrier when 
the energy of the tunneling electron is close to the 
atomic level. Thus, enhanced emission occurs that is 
not predicted by the Fowler-Nordheim model of field 
emission. Evidence is offered for zirconium27 on 
d . 28 tungsten an x-n~trogen on tungsten. 
The broadening of the energy levels of the adsorbed 
atom reported by Gurney22 is a direct result of the Reisen-
berg uncertainty principle and the localization of electron 
states participating in the substrate-adsorbate bonds. 
Gadzuk24 treats the electronic interaction of the 
adsorbate-substrate atoms with the total Hamiltonian: 
Htot = H m + H a + H coup 
in which H denotes the unperturbed metal, H the unperturbed 
m a 
adsorbate atom, and H the complete coupling of the coup 
atom with the metal. 
The electron states associated with the adsorbed 
atom are broadened to a band width of approximately 1 e.v. 
In the case of alkali adsorption, the valence states are 
virtual states. These virtual states are isolated from 
the states associated with the metal by a potential barrier 
between the atom and the metal. Even at small separations 
of the order of a few angstroms, much of this potential 
barrier remains above the Fermi level. Thus electron 
states associated with the adsorbate-substrate band are 
attenuated by this potential. With this model in mind, 
12 
the electrons are thought to be tunneling through this 
barrier. The states on either side of the barrier, the 
metallic states and the broadened valence states of the 
adsorbate atoms are exponentially decaying in the barrier 
region, yet have sufficient overlap to allow significant 
resonance tunneling between the two types of states. 
The position of the adsorbate atom virtual states 
with respect to the metal Fermi level is very important. 
At 0°K only those virtual states that lie below the 
Fermi level of the metal may participate in resonance 
tunneling through the barrier between the adsorbate atom 
and the substrate. 
In the case of alkali adsorption, where the valence 
level is much higher than the Fermi level in energy, 
Gadzuk shows that the expectation value of the population 
of filled states in the adsorbate virtual band is very 
close to zero, i.e., very few transitions are expected 
between the metallic states and the adsorbate states. 
Very simply, this implies that the alkali atom is 
chemisorbed as an ion. This is in agreement with the 
character of the bond predicted from electronegativity 
arguments. 
In addition, Gadzuk goes on to report that as the 
adsorbate-substrate bond becomes more metallic or covalent 
in character, the virtual states of the adsorbate atom 
decrease in energy until, in the case of pure covalent 
bonding, the virtual states lie below the Fermi level of 
the metal. Thus, for covalent or metallic bonding, the 
virtual states of the adsorbed atom are very nearly 
full, hence a large number of tunneling events are 
expected. Again, this agrees with the behavior of 
electron states associated with adsorbate-substrate 
bonds from the electronegativity point of view. 
It might be pointed out that a correlation of 
13 
these two points of view implies that the ~ function 
describing the electron states associated with adsorbate-
substrate bonding is an eigen-function of the Hamiltonian 
describing the adsorbate-substrate interaction, and is 
indeed sensitive to the difference in energies between 
the metallic states and the adsorbate valence states. 
Thus, the treatment developed by Gadzuk parallels the 
treatment of bond character from the electronegativity 
point of view developed originally by Pauling. 3 
The concept of resonance tunneling may also be 
used as an additional point of view to treat gas-phase 
molecular bond character. 
The agreement between field emission and other 
work-function data of adsorbate-induced,work-function 
changes implies these changes are accurately described 
by a Fowler-Nordheim analysis regardless of which point 
of view is taken to describe the character of the states 
involved in the adsorbate-substrate interaction (bonding), 
i.e., the tunnel resonance or electronegativity difference. 
14 
Strong evidence29 exists for the assumption that 
an electronegativity difference between adsorbate and 
substrate atoms is one of the key parameters in a theory 
describing these surface interactions. In studies on 
field emitters, work function changes due to adsorption 
may be correlated with electronegativity gradients 
on the surface and local field effects. 30 
In the present study, data from many sources are 
correlated with the model based solely on electronegativity 
gradients and dipole interactions. 
A Fortran IV program was written which used the 
electronegativity values reported by Gordy and Thomas, 2 
and the work function data from Michaelson. 47 The 
program calculated values of e(e), d(e), and ~, the 
interfacial work function for ten values of coverage 
between 0 and 1 monolayer. This program repeated these 
calculations for 200 values of af, the monolayer coverage 
value in atoms/cm2 • 
The closest fit of the theory with the experimental 
data was determined with the aid of a Wang Model 700 A/B 
programmable calculator and a nth-order regression 
analysis numerical program. 
ALKALI ADSORPTION 
Lithium on Tungsten 
In a study of lithium on tungsten, Gavrilyuk and 
Medvedev31 measured the work function changes due to 
15 
lithium adsorption by Fowler-Nordheim analysis of field 
emission current-voltage data. In addition to these 
data, work done by these authors on single-crystal tungsten 
. . d 32 . spec1mens 1s reporte • A compar1son of their reported 
data with the theoretical treatment from the proposed 
electronegativity model is shown in Figure l. They 
report a value of coverage for ~ . 
m1n as 4.2 X 10
14 Li 
atom/cm2 . This value differs from the theoretical value 
by a factor of 2. Otherwise, the data fit the theory 
quite well. 
Sodium on Tungsten 
In a study of sodium adsorption on tungsten, Shrednik 
and Snezhko 33 , 34 report the sodium adsorption-induced 
work function changes on clean tungsten. A comparison 
of their data with a theoretical curve calculated from 
the electronegativity model is shown in Figure 2. The 
theoretical curve is plotted by assuming an average density 
of sites given by 13 times the concentration of sites 
on the w (100} • The theoretical value for monolayer 
coverage is 3.4 x 10 14 Na atoms/cm2 • This compares to 
a reported value of about 4.0 x 1014 Na atoms/cm2 . 
Potassium on Tungsten 
The system,potassium on tungste~has been investi-
gated with field emission by several authors. 35 , 21 The 
data from these investigations are plotted against a 
theoretical curve from the model shown in Figure 3. The 
16 
Figure 1. Work function versus coverage for lithium 
























Figure 2. Work function versus coverage for sodium 
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Figure 3. Work function versus coverage for potassium 
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data fit the model very well in both shape and in mono-
layer coverage. Schmidt and Gomer21 report that some 
evidence exists for belief that at about .8 monolayers, 
some second layer formation begins. This mechanism has 
not been reported for lithium on tungsten, but has been 
reported for sodium on tungsten by Chen and Papageorgopoulos. 65 
Schmidt and Gomer21 report a monolayer value of 3.9 x 
1014 K /cm2 as compared to a theoretical value of 3.8 
1014 I 2 h' 'k 35 x K atoms em • Ovc ~nn~ ov reports no coverage 
data. An earlier investigation of potassium on tungsten 
made by Naumovets 36 agrees quite well with the later 
studies mentioned. 
Cesium on Tungsten 
In addition to the early study by thermionic emission 
of cesium deposition on tungsten by Langmuir and Taylor, 5 
many more recent efforts have been made using field 
emission techniques. Studies by Swanson, 37 Fedorus and 
Naumovets, 38 and Fehrs and Stickney39 which employed 
field emission and contact potential measurements were 
used for comparison with the theory. According to the theory, 
the minimum work function for Cs/W occurs at approximately 2.8 
x 1014 cs atoms/cm2 . This compares to a value of 2.6 x 1014 
2 . 40 14 /em measured by Gavr~lyuk et al. and a value of 2.3 x 10 
2 37 /em measured by Swanson. A comparison of Swanson•s13 
field emission data and the theoretical plot for the W 
(100) is given in Figure 4. The actual details as to the 
20 
Figure 4. Work function versus coverage for cesium 
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structure of the adsorbed layer of cesium atoms is not 
completely clear. The theoretically determined value of 
a monolayer of cesium atoms is 5 x 1014 atoms/cm2 • This 
is in good agreement with published values. 
In their recent paper, Fehrs and Stickney39 studied 
the adsorption of Cs and K on Ta (110} and W (100} • In 
their study by contact potential methods, they show that 
surface migration of cesium begins at 1 x 1014 Cs atoms/cm2 
at Ts > 300°K, where Ts is equal to the temperature of the 
substrate. Thus their reported ~~ vs. n curve is shifted 
to the right, and their coverage dataare somewhat less 
than ideal. The authors report that at the low coverage 
limit, i.e. n + 0, the slope of the plot ~~ vs. n is re-
lated to the low-coverage, dipole moment of the adsorbate-
42 43 
substrate bond by: ' 
l.l = .£... [2(~~}] 
2'1T 2n n+O 
where c = 1/300 when the units of l.l0 , ~~, and n are 
respectively Debye -18 (1 x 10 esu}, electron volts, 
2 
and atoms/em • Also, they point out that the monolayer 
coverage value is determined by the point where the ~ 
vs. n curve reaches the value of ~f' the work function 
of the adsorbate. These two concepts are in agreement 
with this model, and are discussed in a later section. 
POLYVALENT ADSORBATES 
Thorium on Tungsten 
Investigations of thorium on tungsten have been made 
b th . . 44 y errn1on1c 
45 
spectroscopy. 
emission, LEED and Auger emission 
The results of the thermionic emission study by 
44 Estrup et al. are compared to the theoretical curve 
computed for the W (100) (Figure 5). The agreement, 
in general, is quite good. 
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Any discrepancy here may be due to either an erroneous 
value for of ~ 8 x 1014 atoms/cm2 or the surface may have 
been contaminated by ambient gases. The actual value 
of of determined experimentally is somewhat in question. 
Using the criteria of Fehrs and Stickney, 39 the determina-
tion of of from thermionic emission measurements is quite 
difficult. The problem may lie in the fact that no data 
exist for work functions of single crystal planes of 
thorium. 44 Estrup et al. report LEED evidence for the 
formation of epitaxial layers of thorium on tungsten. 
Retarding potential measurements by the same authors were 
in good agreement with the thermionic emission data. 
Pollard45 made a correlated study by LEED, Auger, 
and work-function measurements of the thorium on tungsten 
system by the retarding-potential method. Pollard 
correlates the growth of the 64 e.v. Auger peak of thorium 
with the coverage. 
The point where the height of the Auger peak 
reaches the first maximum is defined as the cover-
age corresponding to one monolayer. This differs from 
23 
Figure 5. Work function versus coverage for thorium 


























the value predicted by work function measurements by 
approximately 30%. This discrepancy may be due to the 
structure of the thorium overlayer, or the formation 
of a second layer at approximately 0.8 monolayer. 
Silicon on Tungsten 
24 
Using field emission techniques and Fowler-Nordheim 
analysis of work functions, Collins 46 has made a study 
of silicon adsorption on tungsten. 
The change in the Fowler-Nordheim pre-exponential 
term is given and is found to vary only slightly over 
the range from 0 + 1 monolayer. The results of this 
study are plotted against a theoretical curve predicted 
from electronegativity values (Figure 6). The agreement 
is exceptionally good and represents strong evidence for 
the validity of the theoretical model. Other models 
have failed to predict increases in work function with 
adsorption and here for the first time a single model is 
shown to accurately predict both positive and negative 
work function changes from zero to one monolayer coverage. 
The theoretically predicted value for of' i.e., the 
monolayer number of silicon atoms on tungsten field emitters 
is 2.0 x 1015 si atoms/cm2 • Unfortunately, Collins does 
not report absolute values for coverages so they cannot 
be correlated. 
25 
Figure 6. Work function versus coverage for silicon 
adsorption on tungsten. 
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Boron on Tungsten 
Young 66 studied work function changes on clean 
tungsten field emitters due to boron adsorption. A 
comparison of his experimental data with the theoretical 
curve is shown in Figure 7. The coverages reported 
by Young are somewhat questionable, but a comparison 
of the theoretically calculated af value of 2.3 x 1015 
atoms/cm2 agrees quite well with the value 2.2 x 1015 
2 
atoms/em obtained by the present authors from the criteria 
described in Part II. 
DISCUSSION AND CONCLUSIONS 
A detailed numerical study of the behavior of eq. 3 
was made. The behavior of this equation is such that 
the most important variable is af, the number of sites 
available for absorption in one monolayer. This strong 
dependence upon the monolayer coverage value, af' of the 
work function change due to adsorption is a useful property. 
The value of of is dependent upon the substrate lattice 
d d . 1 parameter, surface structure, an step ens1ty. The 
variation in of with step density has been shown previously. 48 
In particular, for boron adsorption on tungsten field 
emitter tips, step densities contribute 50% of the sites 
available for adsorption. In general, the importance 
of step densities will be dependent upon the adsorbate 
involved. For field emitter tips, the step density is 
expected to increase with decreasing tip radius. The 
27 
Figure 7. Work function versus coverage for boron 
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explicit dependence of step density on tip radius is 
being studied. However, most authors neglect to report 
this important parameter in studies made by field emission 
techniques. 
In general, a change in of of the order of 10% will 
change the value of ~ . by ~ 20%, and will change the 
m~n 
fractional value of a at which ~ . occurs. Thus slight 
m~n 
variations in step density over a field emitter tip may 
very well be responsible for variations in ~ . and of 
m~n 
reported for such systems as Cs/W. 
The theoretical model is dependent upon the clean 
substrate work function, substrate electronegativity, and 
lattice parameter, but is not an explicit function of the 
substrate surface structure. The model is also dependent 
upon adsorbate electronegativity, covalent radius, and 
the absorbate work function; but is independent of 
adsorbate structure except where large differences exist 
in work function values for different crystal planes of 
the adsorbate. 
The Case for Nitrogen 
Nitrogen adsorption on tungsten has been studied by 
many techniques; flash desorption, field emission, LEED, 
and Auger among others. 
Nitrogen is somewhat unique in that it can lower 
the work function of clean tungsten in spite of the fact 
that atomic nitrogen has an electronegativity of 3.0. 2 
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The idea that molecular gases may bond to a surface 
with more than one discrete binding energy is not new. 
Multiple binding states are used to rationalize apparently 
anomalous work function changes at high surface concentra-
tions.49 
Early studies of the interaction of nitrogen with 
t t b fl h d t . 50 "d "f" d h d"ff ungs en y as esorp 1on 1 ent1 1e t ree 1 erent 
chemisorbed states. Two of these appear at room tempera-
ture. The first is a weakly bound state a. The a state 
forms concomitantly with the second more energetic S state. 
The a state has a binding energy of ~ 20 Kcal/mole. The 
a state apparently forms primarily on the region along the 
(111) zone. 
The S state was found to desorb in a second order 
reaction, implying this state is atomic, with an activa-
tion energy of 81 Kcal/mole. 51 Verification of the atomic 
nature of the S state was offered by Kislivk. 52 Late 
workers have measured the S state binding energy as 85 
Kcal/mole53 and 87 Kcal/mole. 54 
A third state y was identified at temperatures below 
56 Field emission measurements confirmed the 
existence of this third state. At room temperature, the 
work function was lowered. 
In more recent efforts using flash desorption mass 
spectrometry, Clavenna and Schmidt57 report three binding 
states on the tungsten (100) over a broad temperature 
30 
range. However, Germer and Adams 58 using flash desorption 
mass spectrometry and LEED report only one binding state 
for nitrogen adsorption on the W (100). 
Further investigations have reported other binding 
states, which are a result of electron impacted y-nitrogen. 59' 
27,28 
The treatment of nitrogen adsorption on tungsten 
is being carried out in this laboratory. Results are to 
be published later for this system as well as others. 
In general, however, the work of Hayes et a1. 60 using 
space-charge-limited and retarding-field diodes to 
measure work function changes of tungsten due to nitrogen 
adsorption confirms the theoretical model qualitatively. 
The 6~ vs. coverage curves reported are in good 
agreement with those predicted by the model if the adsorbed 
species has an electronegativity very slightly less than 
that of clean tungsten. This may be the case if the 
adsorbate has bonding between nitrogen atoms as well as 
bonding to the substrate. This model of "quasi-chemisorbed" 
nitrogen is a bonding scheme present in some organic 
. 1 h 'd 61 t'l b molecules, part~cular y t e az~ es. Un ~ a etter 
understanding of adsorption of molecular gases is available, 
the authors are provisionally accepting this model as 
correct. 
Hayes et al. points out several results that are 
particularly interesting. Their study shows that any work 
function change will depend upon: 
1) The relative rates of adsorption onto the 
different sites. 
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2) The magnitude of the absolute work functions of 
the individual crystallographic planes both for 
the clean and the gas-covered surfaces. 
3) The fractional contribution to the total surface 
area of each type of plane. 
These results are in good agreement with the conclusions 
reached when the model dependence upon these substrate 
parameters was studied. 
Other experimental work by Holscher 62 and Oguri63 
indicates that the magnitude and the sign of the work 
function change ~e dependent upon crystallographic orienta-
tion. 
64 Recent work by Sargood et al. has shown that electro-
negativity is dependent upon crystallographic orientation and 
theyreport a linear relationship between experimentally 
determined absolute electronegativities and work function 
for clean tungsten substrates. 
These dat~ coupled with the good agreement between 
the experimentally determined work function changes and 
theoretical predictions from electronegativity differences 
that fit this model plus its applicability to thermionic, 
field emission, and other methods of measuring work function 
thanges due to adsorption, indicate a much broader range 
of pertinence than has previously been recognized. 
The predictions that are a result of the numerical 
32 
study of the behavior of this model indicate that differences 
previously reported for ~ . , crf, and ~f may be a natural m~n 
result of the differences in substrates, particularly 
for field emission studies, as was predicted by Hayes 60 
from experimental data. 
In general the phenomena responsible for the work 
function change vs. coverage may be summarized as 
follows: 
1) At the low coverage limit e ~ O, the initial 
rapid change in the work function is related 
to the strong effect isolated dipoles have on 
the work-function potential barrier. The 
dipole moment may be calculated from: 39 
[2(~~)] 
2n n~o 
2) Behavior in the region of the work function vs. 
coverage plot where: 
d~ = 0 
de 
is due to the fact that as the coverage is 
increased, the dipole~ begin to interact much 
more strongly with each other, with a depolariz-
1 ing field given by: 
E(8) = 9 312 e 3/ 2 M(8)/4TI£ 0 f o 
At ~~ = 0 the coverage has reached a value such 
33 
that the addition of more adsorbate atoms gives 
rise to more depolarizing effects than it does to 
producmg polarizing dipoles. Hence, the 
slope of the ~ vs. 8 curve changes sign. 
3) At high coverages, 8 + 1, the surface becomes 
more nearly like that of a pure adsorbate 
surface, and the work function approaches that 
of the adsorbate. 38 
The dependence of crf upon step density calls for 
more authors reporting tip radii when making field 
emission studies, and an urgent need for more investi-
gations to report coverage data in absolute values rather 
than arbitrary units. 
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PART II 
SURFACE REACTIONS OF CHEMICALLY VAPOR DEPOSITED 




The surface reactions of chemically-vapor-deposited 
(CVD) boron with clean tungsten substrates was stud,ied by 
Field Emission Microscopy (FEM) and Low Energy Electron 
Diffraction (LEED) . 
Previous studies of boron reactions with tungsten 
1 substrates have been made with FEM by Young and with 
2 LEED by Tucker. Both of these studies used physically, 
vapor-deposited of elemental boron from heated rods of 
boron as adsorbate sources. Both studies suffer from a 
lack of ability to determine the number of adsorbed atoms 
deposited. This study was made in an effort to improve 
upon deposition technique and to study surface reactions 
between boron and tungsten at known coverages below one 
monolayer using both FEM and LEED together. 
Boron tri-iodide (BI 3) was used in a more recent 
study of boron reactions with clean tungsten by field 
. . h . 3 em1ss1on tee n1ques. Monomeric BI 3 molecules were 
observed to be the principal vapor species to sublimate 
into an ultra-high vacuum environment at room ternpera-
4 ture. No polymers were observed in the vapor. The choice 
of BI 3 as a source material for studying boron reactions 
with tungsten was also influenced by the fact that iodine 
can be easily pumped without damage to the vacuum system. 
Changes in electron emission characteristics of 
specific crystallographic surfaces on field emitter tips 
may be caused by several possible phenomena: 
1) The adsorbate may change the work function of 
the specific plane, and yet may or may not participate 
41 
in any particular change in the substrate surface structure 
of that plane. 
2) Adsorbate may nucleate forming a three-dimensional 
protuberance of a much smaller radius than that of the tjp 
and therefore enchance electron emission due to the local 
increase in electric field. 
3) Adsorbed species which are smaller than the 
substrate atoms may fit into steps or surface interstices 
effectively smoothing an irregular (although atomically 
flat) surface thereby decreasing the electron emission by 
increasing the local radius. 
4) Good and Muller5 discussed a mechanism whereby 
an adsorbate non-metal can increase field electron emission 
by electronic interaction in which the empty conduction 
band of an adsorbed semiconductor or insulator provides 
a reservoir for electrons which have tunneled through 
this interface. The two thin barriers which must be 
penetrated in this case are considerably thinner than 
the single one present for the clean metal surface. 
. . 1. E 6,7,8,9 . 1 Several rev~ew art~c es on LE D are ava~ -
able in the literature and the reader is referred to 
these for discussions of the concepts involved in this 
technique. Appendix III is a discussion of the two-
dimensional reciprocal lattice. 
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The unambiguous interpretation of LEED patterns, i.e. 
identification of the unit cell, measurement of cell 
parameters, and the location of all atoms within the 
unit cell, is still an unaccomplished objective. 10 
Many authors11- 19 have tried various approaches, but 
in general, only qualitative data are to be obtained until 
a better understanding of the diffraction process is 
known. 
Reasonable success has been made in interpretation 
of LEED patterns from clean metals such as nickel?,a,g 
6 20-23 . 
and tungsten ' but surface structures of mater~als 
h . 1 . d . 2 4 , 2 5, 2 6 bl sue as s~ ~con an german~um present many pro ems. 
Lander27 has reported that a surface layer with 
slightly larger or smaller cell parameters than that of 
lower lying layers will give rise to fractional-order 
spots in a LEED pattern. This lattice parameter shift 
in the surface layer has been reported by MacRae7 for 
nickel. The nickel surface layer is reported to have an 
approximately 5% larger cell parameter than that of 
underlying layers. This expanded layer is referred to 
as the substrate selvedge by Wood. 28 This selvedge struc-
ture may be related to the structure of a parallel planar 
section of the substrate material by small displacements 
of atoms. 27 This displacement in the selvedge then is 
responsible for fractional order spots observed in clean 
surface LEED patterns. 
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The sensitivity of LEED patterns to surface cleanliness 
has been questioned by many investigators. 35- 39 In general, 
LEED has been found to be insensitive to small amounts of 
. . . h . 37 ~mpur~t~es, or to amorp ous f~lms. This, however, is 
not generally true of field emitters, and with the simultan-
eous deposition on a tungsten field emitter and a flat 
macroscopic single crystal 1 errors due to the presence 
of surface impurities can be minimized. 
Surface reconstruction is a phenomenon observed in 
many adsorbate-substrate systems. 7 This occurs when the 
presence of some adsorbate on the selvedge layers may 
cause transformations in cell parameters and atomic positions. 
This phenomenon is observable with LEED and is important 
in any adsorbate-substrate system. 
Recent developments in many-body, problem theories43 , 44 , 45 
have led Bauer16 to conclude that there is no significant 
difference between electron scattering by light atoms and 
by heavy atoms. This has been shown by detailed calcula-
tions for Al and W. 
EXPERIMENTAL 
In the present study boron was introduced as 
BI 3 into the field emission chamber through an ultra-
high-vacuum (UHV) variable leak valve. Boron triiodide 
was chosen because (a) its high vapor pressure provides a 
means of transporting boron to the tungsten substrate at 
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purity (99.9999%), and (c) it thermally decomposes above 
450°C. 
The field emitter tips were made of GE 218 tungsten 
wire. The tip was imaged on an inverted-view screen. 
This screen is unusual in that it allows direct observa-
tion of the tip and support loop through a five and three-
eights inch clear-view,ultra-high-vacuurn viewport. The 
screen was made from a stainless steel flat-bottom cup, 
settle-coated with a calcium tungstate phosphor. The 
screenwas isolated from the field emission chamber by 
alumina standoff insulators, Fig. 1. 
The tip was heated by passing ac current for Joule 
heating through the support loop. A Variac was used to 
provide flashing current and a current-regulated, ac-fila-
ment power supply was used to provide heating current for 
deposition sequences. The temperature of the tip was 
measured in two ways. An optical pyrometer was used to 
measure flash temperatures and a tungsten 6% rhenium-
tungsten 26% rhenium thermocouple was used for lower 
temperatures. A comparison of these two techniques showed 
agreement to within 10%. The emission current was 
measured using a Keithly 610CR solid state electrometer. 
The physical lay-out of the vacuum chamber, ion 
bombardment gun, LEED optics, and crystal manipulator 
has been described previously, 30 with the exception that 
the field emission chamber shown in Fig. 1 has been added 
in the position where the radioactive tracer gun was pre-
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viously. 
This physical arrangement allowed simultaneous 
deposition on both the field emitter and the LEED single 
crystal. 
The LEED single crystal was prepared with standard 
metallographic techniques. The LEED crystal was heated 
by an ac, current-regulated power supply. The sample 
temperature was measured with an optical pyrometer and 
corrected for the spectral emissivity of the sample. 
The high-purity BI 3 was obtained through the 
courtesy of the Eagle-Picher Laboratories of Miami, 
Oklahoma. In order to introduce the BI 3 into the UHV 
chamber, it was contained in frangible glass ampoules, 
Fig. 2. The glass ampoule was loaded into a one-piece 
OFHC copper jacket that also served as the gasket for 
sealing the input side of the variable leak. Initially, 
the source was prepared by pumping the chamber to lxlo-10 
torr with the leak fully open. This was achieved by 
baking out the entire system, including the copper jacket 
and ampoule. The leak was then closed and the ampoule 
broken by crushing the copper jacket. By adjustment of 
the leak valve and continuous pumping with ion and sublima-
tion pumps, the pressure of BI 3 in the chamber could be 
varied between lxl0-10 and Sxl0- 6 torr and proved stable 
to 1 part in 100. All field emission and LEED patterns 
were observed and photographed in pressures less than 





i ' ~=·~1~=~:·-,~ ~one-piece copper jacket 
l ! ~ sealing flange 
frangible glass ampule 
FIGURE 2. Bl3 SoURCE 
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sequence. 
The density of boron atoms on the surface was 
calculated by measuring the BI 3 pressure with an ioniza-
tion gauge and use of the Hertz-Knudson equation 
J = 
p 
This method has been used previously for different 
adsorbates in nucleation studies. 31 Correction for the 
ion gauge sensitivity to BI 3 was made using a previously 
d h . 32 reporte tee n~que. The sticking coefficient of BI 3 
on tungsten was assumed to be unity in the temperature 
range 400-1500°C due to its lO+Kcal/mole heat of adsorp-
t . 3,33,54 ~on. A plot of molecular flux vs. indicated 
gauge pressure is given in Fig. 3. This plot has been made 
using the estimated relative sensitivity of 6.5 for BI 3 
as compared to N2 . 
The field emitters were cleaned by flashing to 
temperatures >2800°K in UHV. This process gives an 
34 
easily recognizable clean tungsten,field emission pattern. 
The LEED crystals were cleaned by: {1) flashing the crystal 
to 2500°K, {2) exposing the crystal at 1750°K to 5xl0-6 
torr o2 for 3 min, {3) flashing the crystal to 2500°K in 
UHV. This process provides a clean tungsten substrate. 6 , 21 
To avoid the possibility of carbon out-diffusion during 
deposition sequences, the crystal was annealed at 1500°K 
for twenty-four hours in UHV and again cleaned with the 


























Particle Flux in atoms/cm2 sec 
FIGURE 3. INCIDENT FLUX VS INDICATED GAUGE PRESSURE 
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in the LEED pattern were observed after 1 hr. of heating 
the crystal to the deposition temperatures studied. 
RESULTS AND DISCUSSION 
Deposition sequences have been observed on clean 
tungsten field emitter tips at several temperatures. 
Figures 4-14 show typical significant pattern changes due 
to boron adsorption at 1070°C, 975°C, 900°C, 8l5°C, 725°C 
and 375°C. Average final coverages and deposition temp-
eratures are as indicated. 
Significant changes occur on the (100), (211), (110), 
(332) and (334) planes. Location of planes can be found 
by referring to Fig. 16, a standard (110) cubic projec-
tion. 
Around the (100) plane, complete darkening occurs at 
all temperatures studied, at lxlo16 atoms/cm2 • This 
coverage corresponds to about 1-2 monolayer on this area 
of the tip when geometrical considerations are made for 
the density of ledge, kink and terrace sites on the planes 
in this region (See Appendix II). 
For the present purposes, a monolayer is defined 
to be the coverage required to saturate all of the most 
favorable substrate adsorption sites with a layer one 
atom thick. Note that this is less than the number which 
could be close packed on a flat surface. The average value of 
monolayer coverage for boron over a field emitter tip is 
1016 atoms/monolayer. All coverages given will refer to 
51 


















































Figure 5. Boron adsorption at 1070°C (cont'd) 
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Figure 9. Boron adsorption at 815°C. 























Figure 10. Boron adsorption at 815°C (cont'd). 
57 a 
~
 u ~ ~ 
Lrt 
r































































 N ....... LAJ a:: :I 



























































































































































































































A possible structure for the adsorbed boron on 
tungsten (100} is that shown in Fig. 15. It represents 
a 1 monolayer coverage as defined. 
The (332) and (334) planes were found to darken at 
62 
15 2 low coverages, lxlO atoms/em , for all temperatures stud-
ied. 
The darkening of the (334) planes was previously 
thought to be a specific test for carbon, 1 but more recent 
work has shown that certain tungsten field emission 
patterns due to boron adsorption can be very similar to 
those produced by carbon adsorption. 3 
In this study, the development of the (334) planes 
was preceded by enlargement and development of the (332) 
planes. 
On the (110) region, several interesting events were 
observed. At all temperatures studied, initial deposition 
of boron formed a bright ring of emission around the central 
(110) region although not completely encircling it. At tem~a-
turesabave 815°C coverages as large as 2x1017 atoms/cm2 
failed to completely encircle this central (110) region. 
This bright ring of emission is thought to be due to the 
nucleation of boron in the steps around the (110} plane. 
At 725°C, Fig. 12 d,e, this ring of enchanced emission 
has completely encircled the central (110) • This occurred 
at a coverage of.2xlo15 atoms/cm2 •. 
63 
Figure 15. Boron-tungsten (100) surface structure. 
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FIGURE 16. STANDARD CUBIC 110 PROJECTION 
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The observed fact that the complete encirclement 
of the (110) region will not occur at temperatures above 
815°C indicates that the binding energy on a portion of 
the sites around the (110) region is not great enough 
to promote closure. At the higher temperatures, the 
bright ring fails to close along a line from the central 
(110) to the outside (211) plane, i.e. at 90° to the observed 
(100) region. The fact that the bright ring fails to 
close along this specific line may possibly be explained 
by the geometrical consideration that the step density 
along this direction is much less than in other direc-
tions. (See Appendix II) • 
At 675°C Fig. 13 and 14, the bright ring completely 
encircles the (110) plane and at an equivalent "coverage" 
18 2 
of 1.6xl0 atoms/em, the bright collar grows over the 
(110) and the pattern images as a single bright spot on 
the screen, Fig. 14d. 
A possible explanation for this observed phenomenon is 
that the collar of bright emission is a torroidal, segment 
shaped nucleus of boron that initially forms in the steps 
around the (110) plane. At sufficiently low temperatures, 
i.e. 675°C in this study, the nucleus continues to grow 
until capillarity closes the central hole covering the 
(110) forming a spherical segment or cap-shaped, stable 
nucleus. The resulting nucleus has a small radius and 
consequently a high local field that results in emission 
from this region completely overshadowing any emission 
from other areas of the tip. 
A practical application for such a boron-modified-
tungsten, field emitter tip as an electron source for 
electron optics is being considered. 46 Recent review 
66 
art;cles 47 , 48 have shown th f ~ e use o a clean tungsten, field 
emitter tip as a source of electrons for scanning elec-
tron microscopes. Even a clean, field emitter tip 
provides image intensification of one thousand times and 
improved resolution over conventional thermionic sources. 
A field emitter with a boron-covered, (110) plane similar 
to the pattern shown in Fig. 14D offers point source properties 
improved by an additional factor of 20 over that of the 
clean tungsten, field emitter. As atomic resolution in 
the SEM is approached, this factor becomes very important. 
However, perhaps of even greater importance are two 
additional advantages of this boron-modified-tungsten 
field source. Firstly, the modified tip is much more 
stable in that the tungsten surface bonds are already satis-
fied and the emission characteristics are not sensitive to 
residual gas adsorption as in the unmodified tungsten 
emitter case. This proves a source that can be operated 
at much higher pressures, i.e. it does not require UHV 
for stability and therefore is more practical for device 
applications. Secondly, the electron beam comes exclusively 
from a very small, centrally oriented plane with a very small 
divergence angle, whereas the unmodified tip is devoid of 
67 
emission from this central plane. 
From this study of boron deposition on clean tungsten, 
field emitters it has been shown that those planes that 
participate in marked changes of the electron emission 
characteristics, are those predicted from calculations 
of density and the relative depth of adsorption sites. 
The observed time sequence of planes participating in 
marked, boron deposition-induced electron emission changes 
is in the following order: (1) (332)' (2) (334)' (3) (211)' 
( 4) ( 100) , and ( 5) ( 110) • See Appendix II. 
Simultaneous deposition sequences were made on 
tungsten field emitters and a tungsten (100) single crystal 
at both 1000°C and 680°C. 
The clean tungsten (100} LEED pattern is shown in 
Fig. 17. The deposition sequence at 1000°C is shown in 
simultaneous field emission and LEED patterns in Figures 
18, 19 1 20. The patterns from deposition at 680°C are 
shown in Figure 21. 
These LEED patterns may be compared with a LEED 
pattern for the same tungsten crystal after exposure to 
oxygen in Figure 22. The similarity of the boron and 
oxygen on tungsten LEED patterns is quite apparent. 
Tucker 49 has previously commented on the similarity of 
the structures observed by Germer and May 50 for oxygen 
adsorption on the tungsten (110) plane and the structures 
observed for boron adsorption on the tungsten (110) • 2 
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fiGURE 17. 40V CLEAN TUNGSTEN (100) 
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FIGURE 18. 66V W<lOO) 4.5xlol2 B AToMslcM2 
. .. . 




FIGURE 21. 48V W<100) 1.54 X 1014 B ATOMSICM2 
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FIGURE 22. 68V W(lQQ) 5.8 X 1013 OXYGEN ATOMS/cM2 
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Application of the theory developed in Part I 
indicates that boron adsorption on tungsten will increase 
the work function at coverages between 0 and 1 monolayer. 
Characterization of the boron-tungsten bonding by the 
same theory indicates that the boron adatom will be in 
a negative oxidation state, thereby increasing the effec-
tive adatom radius. Thus, the boron adatom is expected to 
0 
have an effective radius of lA when chemisorbed on a 
clean tungsten substrate. Therefore, boron adatoms 
chemisorbed on a clean tungsten (100) substrate may form 
an epitaxial layer, i.e. the adsorbed boron atoms may 
occupy those sites which represent the simplest potential 
minimum on a (100) tungsten substrate. These are the 
same sites that would be occupied by epitaxial deposition 
of tungsten atoms on the same clean tungsten (100) sub-
strate. 
In the present LEED studies, the results indicate that 
boron deposited on the tungsten (100) plane at temperatures 
above 650°C forms an ep~taxial deposit with a slight con-
traction of the clean tungsten (100) surface net. Figure 
15 shows this proposed structure for the boron-tungsten 
(100) layer at one monolayer coverage. 
CONCLUSIONS 
using the extended model as developed in Part I and 
. f' ld . . 52 t tm t verified for Fowler-Nordhe1m 1e em1ss1on rea en s 
of work function changes due to adsorption,the complete 
75 
reversal of electron emission characteristics of the 
central tungsten (110) as observed in the field emission 
study cannot be explained as an effective reduction of 
the boron-tungsten interfacial work function. Therefore 
this phenomenon must be the result of the formation of 
a cap-shaped nucleus of boron atoms as previously 
postulated3 ' 48 (Part I). This nucleus initially forms 
in the steps surrounding the (110) and with further 
adsorption, completely covers this central (110) plane. 
This phenomenon is not therefore the result of the presence 
of a simple monolayer of boron atoms on this plane, but 
must be due to a local field enhancement. 53 
However, application of the same model to the 
tungsten (110) and adjacent regions on a field emitter 
tip implies that the increase in work function of this 
region with boron adsorption as observed in this study may 
be the result of a predicted increase in work function 
due to a strong substrate-adsorbate dipole contribution 
to the total work function as well as an effective in-
crease in the local radius of curvature. 
Due to the characterof the adsorbate-substrate 
bonding of boron chemisorbed on clean tungsten (100) 
surfaces, the boron atom is predicted to have an effec-
0 
tive atomic radius of lA at boron coverages less than 1 
monolayer. Thus, chemically, vapor-deposited boron has been 
shown to form an epitaxial deposit on the tungsten (100) 
plane at coverages below 1 monolayer when adsorbed at 
76 
temperatures above 650°C. 
These studies have shown that the total intensity 
of the LEED pattern, as observed visually and by photo-
graphic means, is unchanged due to boron adsorption on 
the tungsten (100) surface. This offers qualitative 
confirmation of the conclusions of Bauer16 that there is 
no significant difference between the scattering of 
electrons by light atoms and by heavy atoms. Further 
studies of boron adsorption on tungsten with detailed 
intensity vs. beam energy data would be very useful in 
further testing these conclusions. 
77 
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Alpert Ion Gauge Sensitivities 
to Various Gases 
80 
The pressure reading indicated by a Bayard-Alpert 
Ionization Gauge (hereafter BAG) at a fixed pressure is 
dependent upon the composition of the vapor species. 
A simple method of estimating the sensitivity of any 
81 
BAG to a particular vapor species, without making involved 
absolute sensitivity measurements is greatly needed 
and is the subject of this letter. The ideas are taken 
from published literature, but have not been, to the 
author's knowledge, put together in the convenient form 
which will be shown herein. 
As early as 1924, Found and Dushman1 observed that 
for a particular ion gauge the absolute sensitivity to 
various gases varied linearly with the number of electrons 
in the gas phase molecule. 
However, absolute sensitivity is greatly dependent 
upon minor changes in gauge configuration2 , i.e. grid-to-
. 1 . . t t 3- 5 Id t. 1 filament d~stance, contra c~rcu~ ry, e c. en 1ca 
design BAG's with identical control circuitry and con-
struction techniques may vary as much as 15% in absolute 
.. "t 2 sens~t~v~ y • 
Alpert6 noted that relative sensitivity, i.e. the 
ratio of absolute sensitivities, should be independent 
of these variations, and appears to be a much more mean-
ingful parameter to predict. 
Table I shows the data available in the literature 
converted to relative sensitivity normalized to N2 (nit-
. t" t 7 regen) measured in various ways by many ~nves ~ga ors. 
82 
Figure 1 shows the data plotted as a function of the 
number of electrons per gas phase molecule. The linearity 
is quite good, considering the spectrum of techniques 
used by the various authors. 
Some scatter exists in the data for gases such as 
oxygen, argon and co2 • Without attempting to justify the 
scatter or indicate preference to particular values, 
it will be noted that the linear plot through nitrogen 
(the reference) falls within or near the determined 
ranges of many vapor species over a large mass range. 
Thus, the experimenter prepared with a BAG of 
commercial or laboratory construction and stable elec-
tronic circuitry may predict that gauge's sensitivity 
to various gases, and, therefore, the pressure of these 
gases with some degree of confidence rather than thinking 
only in terms of "equivalent nitrogen pressure". 
care should be exercised in using this treatment 
with vapor species that are known to undergo major 
fragmentation under electron impact, such as CH 4 and 
1 
c 7a 16 (n-heptane) • 
While typical corrections for gauge-to-gauge 
variations may be of the order of 15-30%, corrections 
for gas phase composition are as large as 300-400% and 
may be easily approximated by reference to a Figure 1 
type of plot. 
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Figure 1. Relative gauge sensitivity vs. number of 
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RELATIVE SENSITIVITY OF IONIZATION GAUGES FOR VARIOUS GASES, 
REFERRED TO NITROGEN AS A REFERENCE. 
Dushman Wagener Schulz Dushman Anderson Varian Rothe Utterback 
& & & 
Young Johnson Griffith 
GAS a b c d e f ~ h 
- - - - - -
H2 0.47 0.53 0.42 .5 .422 
He 0.16 0.21 .16 .182 .181 
Ne 0.24 0.33 .24 .313 .312 
N2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.00 
Ar 1.19 1.5 1. 89 1. 78 1. 42 
co 1. 07 0.90 1.05 1.11 
co2 1. 37 1. 37 1. 43 
H20 0.89 .90 
02 0.85 0.90 .82 .873 
Kr 1.9 1. 89 1. 99 1.97 
Xe 2.7 2.7 2.86 2.86 




Calculation of Adsorption 




Consider a body-centered-cubic tungsten field 
0 
emitter tip with a radius of 1000 A. Assume the tip has 
hemispherical geometry, as in Figure 1. 
0 
-The (110) layers are 2.238 A apart. Call this a "' 
0 
2.25 A. Assume all steps are one atom thick, i.e. 2.25 
0 
A high. The angle between the (100) and the (110) is 
given by: 
cos 4> = 
1+0+0 1 
cos 4> = = = 4>110-100 ~~ fi 
The angle between (110) - (111) is: 
1 + 1 2 
cos 4> = = = 12 13 16 
cos 4> = 816 ~ 35.3° • '~'110-111 = 
The angle between (110) - (211) is: 
cos 4> = 2 + 1 = 
The angle between (110) -
3 + 1 + 0 
= cos 4> = 
"1 2+12 "32+12 12 
























FIGURE 1. THE GENERAL FIELD EMITTER 
88 
The angle between the (110) and (100) is 45° or 
TI/4 radius (Figure 1). 
89 
Assuming surface is a hemi-sphere, then the distance 
along the 100-110 zone line between (100) and (110) is 
given by: 
s = r6 
where s is the arc length, r is the radius of the tip, 
and 6 is the central angle in radians. 
i.e: 
0 0 0 
s = r6 = 1000 A (TI/4) = 250 TI A = 784 A 
Now, the number of one-layer high steps between 
the (110) and the (100) is simply (Figure 1): 
y/a 
and from simple trigonometry we know that: 
i.e: 
y = r - r cos 6 = r (1 - cos 6) 
0 
(1 - .707) = 293 A yll0-100 = 1000 
293 




= 130 steps 
The step density along this zone line is given by: 
n = ~ = 130 = 1 ste~ 
s 784 6.02 A 
0 
· 1 step every 6.02 A along the zone line, on J..e. 
the average. 
The angle between the (110) and (111) is 35.3°. 
Therefore: 
and 
Y = r (1 - cos e) = r (1 - .816) - 184 A 
n = yja = 184 2.25 = 82 steps 
0 
s = re = 1000 (.612) = 612 A along zone line. 
Thus the step density: 
n = n;s = 82/612 A = 1 ste~ 
7.46 A 
0 
i.e., 1 step every 7.46 A along the (110) - (111) 
zone line. The angle between the (110) and (211) is 
30.0°. Therefore: 
0 
y = r (1 - cos e) = r (1 - .866) = 134 A 
and 
n = n/a 134 = = 59 steps 2.25 
The distance between the (110) and (211) is given 
by: 
0 
s = re = 1000 (.5) = 500 A 
and 
- 59 1 ste12 n = 500 = 0 8.5 A 
0 
i.e. , 1 step every 8.5 A. 
Hence the step density along the 110-100 zone line 
is some 10% greater than the step density along the 
110-211 zone line. 
Coverages 
The area of interest surrounding the (100) is 
90 
essentially that bounded by four (211) planes (Figure 16). 
0 0 0 
This area is 784 A long and 392 A wide on a 1000 A tip 
from angles previously calculated. The number of steps 
in this region is given by: 
n = nT - 2n110-211 
r 
nT = - = 
a 
1000 
= 444 steps 2.25 
n 110 _ 211 = 59 steps 
n = 444 - 2(59) = 444 - 118 = 336 steps in this region 
91 
Assume there are two adsorption sites per a 0 distance 
0 
along each step. Then, there are 336 steps 784 A long 
0 
on a 1000 A radius tip. Therefore, there are: 
2 X 3.36 X 102 X 7.84 X 10 2 4 =-~~~~~~~~0~~~~~~ = 16.65 X 10 
3.16 A 
sites in steps on an area of 
392 A X 784 A= 30.7 lo-12 2 x em 
or, there are 
or 
4 17.44 X 10 
30.7 X 10-l2 
= 
5.42 X 10 15 
.542 X 1016 sites in steps 2 
em 
sites in steps 
2 
em 
Now on the terraces of ( 100) planes, there are two 
02 
sites per 3.16 x 3.16 A of area, i.e. 





Therefore, on the region of interest there are 
5.42 x 1015 + 2.2 x 1015 sit2s or 7.62 x 1015 sit~s 
em em 
16 sites 
or approximately 1 x 10 in a monolayer of boron 
em2 




DIFFRACTION IN 2-DIMENSIONS 
In general, a surface structure is diperiodic, 
which does not necessarily mean that all atoms lie in a 
plane, but rather that it is periodic only in two dimensions. 
In diperiodic structures, the equivalent points 
form a two-dimensional net in which the area units are 
unit meshes. There are five nets analagous to the 14 
Bravais lattices in triperiodic structures. 
The five general unit meshes and their characteris-
tics are given in Table 1. 
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For diperiodic structures the conventional orienta-
tion of the unit mesh is with the y axis horizontal and 
pointing to the right, the x axis down the page, either 
straight or slanting to the right. 
Miller indices (hk} of a set of parallel rows are 
the reciprocals of the row intercepts on the x andy axis; 
[u,v] denotes a direction where u and v are the co-ordinates 
of a net point (in mesh units}, which with the origin, 
define the direction. 2 
To define the two dimensional reciprocal lattice, 
consider the general diperiodic lattice shown in Figure 2. 
Assume this lattice is composed of particles all 
having the same mass and spaced at equal distances from 
one another along two lines intersecting at an arbitrary 
angle e. The distance between particles in direction 
d1 is not necessarily the same as in direction d 2 • Take d1 
and d2 as basis vectors drawn from the particle chosen 
as the origin of the lattice. The vector coordinate of 
any point in the lattice is then given by 
With the two basis vectors d1 and d2 for a lattice, 
the restriction to particles of a single type and the 
requirement that the particles be equally spaced along the 
two independent directions. The lattice described by the 


















































In the derivation of the triperiodic reciprocal 
lattice, there are two ways of defining the reciprocal 
lattice. The first is to define the reciprocal lattice 
vectors in terms of vector products between direct lattice 
vectors. Thus if a1 , d2 , a3 are direct lattice vectors, 
the rec . 1 1 tt• t ~b ~b ~b ~proca a ~ce vee ors, 1 , 2 , 3 may be defined by 
b = dl X d 2 1 dl•d2Xd3 
b 2 = 
d 2 X d3 
d1 ·d2xd 3 
b 
d3 X dl 
= d1 ·d2xd 3 3 
These reciprocal lattice vectors satisfy all the 
requisite orthogonality and reciprocity relations. 
The second starting point is to define the reciprocal 
lattice vectors in terms of scalar products between direct 
lattice vectors d1 , a2 , d3 and reciprocal lattice vectors 
~ ~ ~ b 1 , b 2 , b 3 . Thus, bi·dj = Sij i,j = 1, 2, 3 where Sij 
is the familiar Kronecker delta. These two definitions 
have been shown to be equivalent in the triperiodic case. 3 
In the diperiodic case, the requirement that all 
lattice vectors lie in one plane eliminates the possibility 
of defining the reciprocal lattice vectors in terms of 
vector products between direct lattice vectors. 
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Thus, for each direct lattice in two dimensions, the 
reciprocal lattice vectors b1 , b2 are defined in terms of 
scalar products between direct and reciprocal lattice 
vectors. Hence th · 1 1 · ~ ~b e rec~proca att~ce b 1 , 2 vectors 
are defined by 
~b. ~ . a.. = s .. ~, j = 1, 2 
~ J ~J 
and s .. is the Kronecker delta. 
~J 
Taking the origin of a pair of orthogonal axes x 
and y at the origin of the basis vectors, the vectors 
d 1 and d 2 may be written in terms of their cartesian 
components as follows: 
or, the matrix 
dl = (dlx dly) 
d2 = (d2x d2y> 
represents the direct lattice basis system. Likewise 
the reciprocal lattice system has the matrix 
20291.3 
The subscripts of the elements of D must be trans-
posed as shown for the matrix B since, if d 1 and a2 are 
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h ~ ~ t ought of as row vectors, b 1 and b 2 must be column 
vectors as they are defined in terms of a scalar product 
with the direct lattice vectors. 
Consider the product D•B. 
DB 
dlx b + dly b dlx 
~ 
dly b lx ly b2x + 2y 
= 





(d2. b2) = (~ ~) 
or B = D -1 
This implies 
b is perpendicular to d:2 and, 1 
b is perpendicular to dl. 2 
Therefore 
bl·dl = 1 = lbllldll cos ( n/2-e) 
= lbllld:ll sin e 
and 
b2-d2 = 1 = lb2lld:21 cos ( n /2-e) 
lb2lld21 sin e 
where e is the angle between a1 and d: 2 • 
The area of the elementary cell in the direct lattice; 
i.e. the parall~lograrn with a1 and a2 for two of its sides, 
101 
is given by 
from elementary vector analysis. The area for the reciprocal 
space elementary cell is given by 
The product of these areas is 
sin e 
= 1 
i.e., the areas of the direct and reciprocal cells are 
reciprocals. 
The notation is simplified by using a1 and d2 vectors 
as unit vectors defining an oblique axis system, and an 
arbitrary vector ~ is given by its ~l and ~ 2 components 
along the d vectors, 
and therefore, 
~1 = (~·dl) 
~2 = (~· d2) 
A straight line in the plane is represented by a 
1 in ear relation: 
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+ + (a· r) = a 1x + a 2y = c 
or 
alt;l + a.21;2 = c 
with 
a.l = <a-<i1 > 
a.2 = <a -<i2> 
converseley, 
+ -+ :+ 
a = a.lbl + a.2b2 
i.e., + a represents a vector orthogonal to the straight 
line (a·~) and c/lal is the distance o of the line from 
the origin. 
A direct lattice point is one with integral co-ordinates 
~; 1 = 21 and ~; 2 = 22 
; = 2ldl + 22 d2 
and a vector h in the reciprocal lattice is 
h 1 ,h2 integers 
Consider 
-+ + -+ + :+ + (h·r) = h 1 (b1 •r) + h 2 (b2 •r) = c 
= hll;l + h21;2 = c 
For c = o, the line h·; passes through the origin. 
other lattice rows will correspond to different c values. 
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To find the smallest distance between a lattice row 
and the origin, the smallest non-zero value of c must 
be found. Since h 1 , h 2 , ~l' and ~ 2 are integers, 
must be an interger for a lattice row, i.e. for the 
closest row, lei = 1. 
c 
This means that the distance between each of the 
lattice rows in the set (h1 ,h2) is 
Thus, a point (h1 ,h2 ) in the reciprocal lattice 
defines a set of lattice rows in the direct lattice. 
These straight rows are perpendicular to the vector 
and are spaced at a distance of 1/lhl from one another. 
Using the above argument, similar relations are 
found for all rows of the direct lattice. The whole 
reciprocal lattice is built up of repeated translations 
:+b :+ of the reciprocal lattice basis vectors 1 and b 2 • 
This translation produces a planar array of points, 
each of which is labeled with its co-ordinates in terms 
of the basis vectors. The extended reciprocal lattice 
has the following properties: 
(1) A vector h(h1 ,h2 ) drawn from the origin of 
the reciprocal lattice to any point in it having co-ordinates 
h 1 ,h2 is perpendicular to the direct lattice row whose 
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Miller indices are h 1 ,h2 • 
(2) The length of the vector h(h1 ,h2 ) is equal to 
the reciprocal of the spacing o, of the (h1 ,h2 ) rows, or 
To analyze the diffraction of a wave into three-dimen-
sions by a two-dimensional lattice, the Ewald construction 
is quite helpful. The Ewald construction requires a true 
diffraction process, and for a two-dimensional lattice, 
a diffraction process that involves only the two-dimensional 
lattice. 
To use the Ewald construction, the two-dimensional 
reciprocal lattice must be extended to three dimensions. 
The most general extension of a planar array of points 
into three dimensions is an array of parallel rods perpen-
dicular to the planar direct lattice. 
Using this extension of the two-dimensional re-
ciprocal lattice, the Ewald construction appears as in 
Figure 3. 
This derived model predicts continuous diffraction 
with continuous change of incident beam wavelength (A<d) 
and continuous diffraction with continuous rotation of 
the direct lattice. All of these phenomenon have been 












FIGURE 3. THE EWALD CONSTRUCTION 
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